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Abstract: Hybrid laser-arc welding offers many advantages, such as deep penetration, good gap
bridge-ability, and low distortion due to reduced heat input. The filler wire which is supplied to
the process is used to influence the microstructure and mechanical properties of the weld seam.
A typical problem in deep penetration high-power laser beam welding with filler wire and hybrid
laser-arc welding is an insufficient mixing of filler material in the weld pool, leading to a non-uniform
element distribution in the seam. In this study, oscillating magnetic fields were used to form a
non-conservative component of the Lorentz force in the weld pool to improve the element distribution
over the entire thickness of the material. Full penetration hybrid laser-arc welds were performed on
20-mm-thick S355J2 steel plates with a nickel-based wire for different arrangements of the oscillating
magnetic field. The Energy-dispersive X-ray spectroscopy (EDS) data for the distribution of two
tracing elements (Ni and Cr) were used to analyze the homogeneity of dilution of the filler wire.
With a 30◦ turn of the magnetic field to the welding direction, a radical improvement in the filler
material distribution was demonstrated. This would lead to an improvement of the mechanical
properties with the use of a suitable filler wire.
Keywords: hybrid laser-arc welding; oscillating magnetic field; electromagnetic stirring; filler wire
dilution; thick materials; full-penetration
1. Introduction
The hybrid laser-arc welding (HLAW) process is appropriate for the welding of thick metals
due to the high energy of the laser beam which causes a deep penetration, high gap bridge-ability,
and low distortion due to reduced heat input compared to arc-based welding processes. The coupling
of the laser beam and arc within just one heating zone was developed at the end of the 1970s as arc
augmented laser welding [1]. Since the 2000s, the HLAW of thick-walled steels is used in industrial
applications such as shipbuilding [2], crane construction, and pipeline manufacturing [3].
Although high-power laser systems in a power range of 10 to 100 kW are available on the market,
the application of HLAW for thick sections is still far from being implemented on an industrial
scale, and remains restricted to a small number of cases, mostly where the thickness of the parts
does not exceed 15 mm due to certain technological limitations. One of the limiting factors is the
formation of gravitational drop-outs when welding thick materials, especially in a flat position (1G).
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Therefore, arc-based welding processes are commonly used for the welding of thick-walled structures.
These welding processes are less productive when compared to laser beam welding (LBW) or HLAW
due to a lower penetration depth. In order to weld thick plates, multi-layer technology is used,
which leads to high heat inputs and distortion of the plates. A rework such as flame straightening is
time- and cost-consuming.
Several studies were conducted to investigate and increase the weldable material thickness for
HLAW. The latest developments and trends in high-power laser beam welding are described in detail
in [4]. Single-pass welds up to 28 mm wall thickness were conducted with an electromagnetic weld
pool support system with a laser power of just 19 kW [5]. HLAW with cut-wire, which was filled in
an air gap between the workpieces before welding, single-pass welds up to 25 mm with a ceramic
or flux backing, and 50 mm in a double-sided welding technique were all realized successfully [6].
In [7], the HLAW process was demonstrated for one-side welding of steels with thicknesses of 28 mm
to 32 mm in two to five layers, respectively. Alternatively, laser beam welding under a vacuum [8,9],
laser submerged arc hybrid welding [10], or narrow-gap laser-arc hybrid welding [11] were successfully
used for deep penetration welds.
It has been demonstrated that single-pass welds can be realized only at a sufficiently high welding
speed, especially in a flat position, as soon as a full penetration is required. Otherwise, the increasing
weld root width at reduced welding speeds leads to a reduction of the surface tension. In such a
case, the surface tension cannot compensate for the hydrostatic pressure, which leads to the formation
of inadmissible root defects such as drop-outs. The stability criterion is therefore dependent on the
geometrical sizes of the weld seam, and is defined in accordance with [12] as follows:
h ∗w < 2 lcap2, (1)
where h is the plate thickness, w is the root width, lcap = [γ/(ρg0)]1/2 is the capillary length, γ is
the surface tension coefficient, ρ is the density of the melt, and g0 is the gravitational acceleration.
The geometrical sizes can be found in Figure 1a. The stability threshold for liquid steel with a density
of 6.9 × 103 kg m−3 and a surface tension of 1.8 N m−1 is shown in Figure 1b.
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Figure 1. (a) Geometrical sizes of the weld pool, which influence the formation of droplets; (b) stability 
threshold for liquid steel, see Equation (1). 
Another typical problem with deep penetration high-power HLAW is an insufficient and 
inhomogeneous distribution of the elements of the filler wire in the whole seam depth, which may 
lead to a deterioration of the mechanical properties, especially in the root part. The HLAW is 
characterized as a welding process with a reduced cooling time of only a few seconds. The additional 
energy of the arc welding process is not transported to the root part. So, a homogeneous filler wire 
mixing into the whole seam depth plays an important role in meeting the requirements of the 
mechanical properties, especially for the welding of high-strength steels. In [13] it was shown that 
the filler wire had a homogeneous dilution of up to 3.7 mm, and 4.9 mm in a pulsed or modified 
spray using the arc operation mode of the gas metal arc welding process (GMAW). In a depth of 
approximately 13 mm, no content of the filler wire elements could be measured. Several studies were 
Figure 1. (a) Geometrical sizes of the weld pool, which influence the formation of droplets; (b) stability
threshold for liquid steel, see Equation (1).
Another typical problem with deep penetration high-power HLAW is an insufficient and
inhomogeneous distribution of the l ments of the filler wire in the whole seam depth, which may lead
to a deterioration of the mechanical properties, especially in the root part. The HLAW is characterized
as a welding process with a reduced cooling time of only a few seconds. The additional energy of
the arc welding process is not transported to the root part. So, a homogeneous filler wire mixing
into the whole seam depth plays an important role in meeting the requirements of the mechanical
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properties, especially for the welding of high-strength steels. In [13] it was shown that the filler wire
had a homogeneous dilution of up to 3.7 mm, and 4.9 mm in a pulsed or modified spray using the arc
operation mode of the gas metal arc welding process (GMAW). In a depth of approximately 13 mm,
no content of the filler wire elements could be measured. Several studies were conducted to improve
the filler wire mixing. The impact of the focal position of the laser beam on the characteristics of the melt
flow and the weld pool geometry was demonstrated in [14]. With an air gap of 0.4 mm, the contents of
the filler wire could also be observed in the root part. Nevertheless, the filler metal proportion in the
weld was only 8% [15]. In [16], it was found that a trailing gas metal arc torch configuration helped in
the mixing of the melt in the welding of 10 mm thick plates. The same approach was demonstrated
in [17]. Moreover, a shielding gas containing more than 2% O2 led to a homogeneous distribution of
alloying elements in [17]. One of the main reasons for the inequitable distribution is caused by the
Marangoni effect, which mainly influences the flow behavior near the surfaces. The peak values in
the velocity magnitude are located on the free surfaces. This effect was shown numerically for LBW
in [18,19]. Figure 2 shows the Ni concentration of a HLAW of a 10 mm thick steel plate. An unequal
distribution can be clearly seen.
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with an improvement of the element distribution [21–23]. The magnet was operated with a low-
frequency in the range of 10–20 Hz. The objective of this research was to improve the element 
distribution and to prevent sagging with the use of oscillating magnetic fields for single-pass welds 
of thick plates. 
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The electromagnetic weld pool support was demonstrated successfully for single-pass LBW [12] 
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The magnetic field B is directed perpendicular to the direction of welding. In this case, the induced 
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Figure 2. Nickel concentration of a hybrid laser-arc welding (HLAW) on a 10-mm-thick steel plate [20].
The electromagnetic stirring technique was used for the LBW of a 3-mm-thick aluminum
plate, with an improvement of the element distribution [21–23]. The magnet was operated with a
low-frequency in the range of 10–20 Hz. The objective of this research was to improve the element
distribution and to prevent sagging with the use of oscillating magnetic fields for single-pass welds of
thick plates.
2. Electromagnetic Weld Pool Influence
The lectromagnetic weld pool support was dem nstrated successfully for single-pass LBW [12]
and for HLAW [24]. Figure 3 shows the AC electromagnetic weld pool support system used for the
LBW or HLAW of thick metal parts. The AC magnet is located near the root side of the workpiece.
The magnetic field B is directed perpendicular to the direction of welding. In this case, the induced
current density j in the melt is directed along the welding direction, and the narrow gap between the
welded parts does not affect the current density in the liquid metal. To estimate the current density
in the melt, one can use the classical theory of the skin effect, see [25]. The resulting time-averaged
Metals 2019, 9, 594 4 of 10
Lorentz force FL = j × B is directed vertically and can provide support to the weld pool. The FL(z)










where B0 is the amplitude of the externally applied magnetic field, µ0 is the magnetic field constant,
and δ = (pi µ0 σ f ) −1/2 is the skin depth, where f is the AC frequency, σ is the electrical conductivity,
and µ0 = 1.257·10−6 H m−1 is the permeability of free space. The Lorentz force can be also expressed as










Metals 2019, 9, x FOR PEER REVIEW 4 of 9 
 
electromagnetic pressure. A rotational component of the Lorentz force is not given. The scheme of 
the electromagnetic weld pool support is shown in Figure 3a. The gap between the workpieces does 
not affect the current density in the weld pool, which is oriented in the welding direction (Figure 3b). 
This technology has been successfully used in the single-pass HLAW of steel plates with a thickness 
of up to 28 mm, with just 19 kW laser power [5]. When using hybrid laser-arc welding technology, it 
was necessary to choose a sufficiently high frequency of oscillation of the magnetic field so that the 
depth of penetration of the magnetic field into the metal would be significantly lower than the 
thickness of the sample board to be welded. A small part of the exponentially decaying magnetic field 
on the upper surface of the sample could affect the operation of the arc. This optimization was 
performed in [24], where it was shown that the amplitude of oscillation of the arc along the welding 





Figure 3. (a) Scheme of electromagnetic weld pool support system; (b) root side view of 
electromagnetic weld pool support system (the gap does not affect the current density). GMAW: gas 
metal arc welding. 
In the case of a turning of the magnetic field, a non-conservative component (vortical) of the 
Lorentz forces is formed in the weld pool due to the inhomogeneous course of the current and the 
concentration of the electric current in the weld pool. However, the electrical resistance in the joint 
gap is higher. The induced currents flow around the joint gap, which leads to the intensification of 
the flow lines at the boundary of the melt front (Figure 4a). The resulting Lorentz force has a rotational 
component which generates a vortical flow of the melt and causes a stirring effect of the melt and 
filler wire. In the case of turning the magnetic fields 90° to the welding direction, the compensation 
of the root reinforcement is not ensured. An optimal balance of electromagnetic weld pool support 





Figure 4. (a) Magnetic field parallel to the welding direction and influence of the electric current by 
the gap, non-conservative component of the Lorentz force; (b) optimal balance of conservative and 
non-conservative components of the Lorentz force at a turning through 30°. 
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Figure 3. (a) Scheme of electromagnetic weld pool support system; (b) root ide view of electromagn tic
weld pool support system (the ga does not affect the current density). GMAW: gas metal arc welding.
For the conservative case, the magnetic field is perpendicular to the welding direction to generate a
Lorentz force, whose potential component is counteracting the hydrostatic pressure as electromagnetic
pressure. A rotational component of the Lorentz force is not given. The scheme of the electromagnetic
weld pool support is shown in Figure 3a. The gap between the workpieces does not affect the current
density in the weld pool, which is oriented in the welding direction (Figure 3b). This technology
has been successfully used in the single-pass HLAW of steel plates with a thickness of up to 28 mm,
with just 19 kW laser power [5]. When using hybrid laser-arc welding technology, it was necessary to
choose a sufficiently high frequency of oscillation of the magnetic field so that the depth of penetration
of the magnetic field into the metal would be significantly lower than the thickness of the sample board
to be welded. A small part of the exponentially decaying magnetic field on the upper surface of the
sample could affect the operation of the arc. This optimization was performed in [24], where it was
shown that the amplitude of oscillation of the arc along the welding direction on the order of 1 mm did
not have a significant effect on the weld shape geometry.
In the case of a turning of the magnetic field, a non-conservative component (vortical) of the
Lorentz forces is formed in the weld pool due to the inhomogeneous course of the current and the
concentration of the electric current in the weld pool. However, the electrical resistance in the joint gap
is higher. The induced currents flow around the joint gap, which leads to the intensification of the
flow lines at the boundary of the melt front (Figure 4a). The resulting Lorentz force has a rotational
component which generates a vortical flow of the melt and causes a stirring effect of the melt and
filler wire. In the case of turning the magnetic fields 90◦ to the welding direction, the compensation of
the root reinforcement is not ensured. An optimal balance of electromagnetic weld pool support and
electromagnetic stirring is found at a turn angle of 30◦, see Figure 4b.
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Figure 4. (a) Magnetic field parallel to the welding direction and influence of the electric current by
the gap, non-conservative component of the Lorentz force; (b) optimal balance of conservative and
non-conservative components of the Lorentz force at a turning through 30◦.
3. Experimental Setup
The welding tests were executed in a flat position (1G) and in full penetration mode using
a high-power fiber laser IPG YLR-20000 (IPG, Burbach, Germany) as a laser beam source, with a
maximum output power of 20 kW, an emission wave length of 1070 nm, and a beam parameter product
of 11 mm × mrad. The laser radiation was transmitted through an optical fiber with a diameter of
200 µm. A BIMO HP laser processing head from HIGHYAG (Kleinmachnow, Germany) with a focal
length of 350 mm providing a spot focus diameter of 0.56 mm was also used. All tests were carried
out with an arc leading orientation. The GMAW torch was tilted by 25◦ to the laser axis, which was
positioned vertically in relation to the surface of the weld specimen. The laser beam was under-focused
at 11 mm below the top surface of the weld specimen. The horizontal distance between the wire tip
extension and the laser beam was 4 mm. Figure 5a shows the experimental setup.
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As a power source for the arc, a welding machine Qineo Pulse 600 (Cloos, Haiger, Germany) with
a maximum current of 600 A was applied. An AC magnet providing a maximum output power of
6 kW was utilized at an oscillating frequency of 1.2 kHz. The electromagnet was positioned 2 mm
below the workpiece. The distance between the two magnet poles was fixed to 25 mm. Figure 5b
shows the AC magnet applied for the experiments.
The base material used for the experiments was a structural steel of grade S355J2 with a plate
thickness of 20 mm. The joint was prepared as a single-Y joint with a root face of 14 mm and an
opening angle of 45◦. A nickel-based filler wire E Ni 6625 (NiCr22Mo9Nb), according to EN ISO 14172,
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with a diameter of 1.2 mm was applied. This filler wire was deliberately chosen in order to produce
a high-alloyed weld metal composition differing from the base metal. The welds were performed
under gas shielding. The gas mixture consisted of 82% Ar and 18% CO2 with a flow rate of 20 L min−1.
The chemical compositions of the base material and the filler wire are shown in Table 1.
Table 1. Chemical composition of materials used, shown in wt%.
Material/Element C Si Mn P S Cr Ni Mo Cu Nb Fe
S355J2 1 0.08 0.29 1.3 0.019 0.004 - - - 0.008 - bal.
E Ni 6625 2
(NiCr22Mo9Nb)
<0.04 <0.7 <1 - - 21.5 bal. 9 - 3.3 <2
1 measured by spectrum analyses at the BAM; 2 according to the manufacturer specifications.
4. Results and Discussion
The metallographic evaluation of the cross sections shows that the electromagnetic pressure was
capable of compensating for the hydrostatic pressure, as well as for the fully penetrated HLAW of
20-mm-thick S355J2 plates. The reference weld seam seen in Figure 6a shows that the hydrostatic
pressure exceeded the surface tension and caused a drop-out of the molten metal. This seam is
inadmissible according to the standard EN ISO 12932. With the use of an oscillating magnetic field,
the weld shape formation corresponded to a typical wine-cup shape, and the sagging could be avoided
as already shown in [5,24] (see Figure 6b). The AC magnet was operated at an oscillating frequency
of 1.2 kHz and a magnet power of 1.8 kW. It was necessary to choose a sufficiently high frequency
of oscillation for the magnetic field in order to protect the electric arc on the top surface. The groove
was filled completely. The root excess weld metal was only 0.65 mm. The width on the root was
4.6 mm. According to the stability criterion (see Equation (1) and Figure 1b in accordance with [12]),
an inadmissible sagging was to be expected without the use of any weld pool support. Using the
electromagnetic weld pool support, the seam met the criteria for the highest evaluation, group B,
according to EN ISO 12932. In this case, the direction of the magnetic field was perpendicular to the
welding direction. This was in order to investigate only the effect of the weld pool support without
the rotational component of the Lorentz force and a vortical flow. Figure 6c shows a cross section of
a HLAW on a 20-mm-thick plate, where the magnetic field was turned through 30◦ relative to the
welding direction. An additional component of the Lorentz force was generated. It can be seen that this
seam also met the criteria for the highest evaluation group according to the EN ISO 12932 standards.
The root was ideally compensated. The AC magnet power had to be adjusted to 2.3 kW, as part of
the power was dissipated to generate a non-conservative (vortical) component of the Lorentz force.
All seams were welded in full penetration mode with an arc leading orientation at a welding speed of
0.5 m min−1, using 12.2 kW laser power and a wire feeding rate of 11 m min−1.
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In the middle and root parts, the nickel content was decreased to 12.3 wt% and 5.3 wt% respectively. 
To a maximum depth of 10 mm, the reduction of the element content was uncritical. Similar findings 
were obtained by Rethmeier et al. [20]. The nickel content in the root part amounted to one-third of 
the nickel content in the upper part. The same applies for the second tracing element chromium. This 
indicates that the filler wire was not mixed into the whole material thickness.  
The next series of welding tests was performed with the AC magnet turned by α = 30°. The EDS 
data demonstrate an improvement in the homogeneity in the filler material distribution. In the upper 
part nickel and chromium contents of 8.2 wt% and 2.8 wt% were measured, respectively. In the 
middle part, the nickel content and the chromium content were 7.2 wt% and 2.6 wt%, respectively. A 
residual nickel content of 7.6 wt% was determined in the root part. A chromium content of 2.6 wt% 
was also detected in the root part. In general, the relative variation of the content of both tracing 
elements over the entire thickness of the weld seam did not exceed 4%.  
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The analyses of the element distribution and quantity within the welded cross-section was
identified using EDS. Chromium and nickel were the investigated elements. In the case of
electromagnetic support only, the element distribution within the welded cross-section and over
its entire thickness was inhomogeneous. In the upper part, a nickel content of 15.9 wt% was measured.
In the middle and root parts, the nickel content was decreased to 12.3 wt% and 5.3 wt% respectively.
To a maximum depth of 10 mm, the reduction of the element content was uncritical. Similar findings
were obtained by Rethmeier et al. [20]. The nickel content in the root part amounted to one-third
of the nickel content in the upper part. The same applies for the second tracing element chromium.
This indicates that the filler wire was not mixed into the whole material thickness.
The next series of welding tests was performed with the AC magnet turned by α = 30◦. The EDS
data demonstrate an improvement in the homogeneity in the filler material distribution. In the upper
part nickel and chromium contents of 8.2 wt% and 2.8 wt% were measured, respectively. In the middle
part, the nickel content and the chromium content were 7.2 wt% and 2.6 wt%, respectively. A residual
nickel content of 7.6 wt% was determined in the root part. A chromium content of 2.6 wt% was also
detected in the root part. In general, the relative variation of the content of both tracing elements over
the entire thickness of the weld seam did not exceed 4%.
Figure 7 shows the different zones for the determination of the nickel and chromium content by
the EDS analysis.
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It is clear that the vortical flow generated by a non-conservative component of the Lorentz force
led to a radical improvement of the filler wire dilution over the entire weld seam thickness. This finding
can lead to an improvement of the mechanical properties of single-pass hybrid laser-arc welds of
thick structures. Since the HLAW process is still used for the welding of plates with a thickness up to
15 mm for industrial applications, this phenomenon was not deeply investigated. A homogeneous
filler material distribution becomes important, especially at the single-layer HLAW of thicker materials
and during the welding of modern thermomechanical rolled high-strength steels or cryogenic steels.
One of the main reasons for the inhomogeneous mixing of the filler wire is explained by Marangoni
convection, which mainly influences the flow behavior near the surfaces, which was discussed in detail
in [18,19]. For that reason, a mixture of the filler wire did not take place. The filler wire was inserted
into the process on the top side. Due to the rotational component of the Lorentz force, a vortical flow
was generated, which led to an improvement in this situation.
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5. Conclusions
Full penetration HLAW tests for 20-mm-thick S355J2 steel plates were performed for different
designs of the orientation of external oscillating magnetic fields. A magnetic field perpendicular to
the welding direction was successfully used for weld pool support. An AC power of 1.8 kW at an
oscillating frequency of 1.2 kHz was necessary to prevent sagging and gravity drop-outs for single-pass
HLAW. The seams could be classified in the highest evaluation group B according to EN ISO 12932.
By turning the magnetic field 30◦, a non-conservative (rotational) component of the Lorentz force
was generated, which was used for the electromagnetic stirring of the filler wire. The EDS analyses
confirmed that the rotational component of the Lorentz force led to a radical improvement in the
homogeneity of the filler material distribution over the entire weld seam depth. The adaptation of the
electromagnetic weld pool support and stirring can dramatically increase the application potential of
the hybrid laser-arc welding process.
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